Rauwolfia species (Apocynaceae) are medicinal plants well known worldwide due to its potent bioactive monoterpene indole alkaloids (MIAs) such as reserpine, ajmalicine, ajmaline, serpentine and yohimbine. Reserpine, ajmalicine and ajmaline are powerful antihypertensive, tranquilizing agents used in hypertension. Yohimbine is an aphrodisiac used in dietary supplements. As there is no report on the comparative and comprehensive phytochemical investigation of the roots of Rauwolfia species, we have developed an efficient and reliable liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for ethanolic root extract of Rauwolfia species to elucidate the fragmentation pathways for dereplication of bioactive MIAs using highperformance liquid chromatography coupled with electrospray ionization quadrupole time-of-flight tandem mass spectrometry (HPLC-ESI-QTOF-MS/MS) in positive ion mode. We identified and established diagnostic fragment ions and fragmentation pathways using reserpine, ajmalicine, ajmaline, serpentine and yohimbine. The MS/MS spectra of reserpine, ajmalicine, and ajmaline showed C-ring-cleavage whereas E-ring cleavage was observed in serpentine via Retro Diels Alder (RDA). A total of 47 bioactive MIAs were identified and characterized on the basis of their molecular formula, exact mass measurements and MS/MS analysis. Reserpine, ajmalicine, ajmaline, serpentine and yohimbine were unambiguously identified by comparison with their authentic standards and other 42 MIAs were tentatively identified and characterized from the roots of Rauwolfia hookeri, Rauwolfia micrantha, Rauwolfia serpentina, Rauwolfia verticillata, Rauwolfia tetraphylla and Rauwolfia vomitoria. Application of LC-MS followed by principal component analysis (PCA) has been successfully used to discriminate among six Rauwolfia species.
vascular diseases [25] . Serpentine possesses antihistaminase or antihistamine activity and is used in the treatment of snake bites [26] [27] [28] . Yohimbine has potential clinical applications in erectile dysfunction and is used as an aphrodisiac in dietary supplements [29, 30] .
Qualitative and quantitative analyses of MIAs in Rauwolfia species have been carried out using high performance liquid chromatography (HPLC) [31, 32] , high performance thin layer chromatography (HPTLC) [3, 33] , gas chromatography mass spectrometry (GC-MS) [32] , direct analysis in real time mass spectrometry (DART-MS) [5, 34] , liquid chromatography/tandem mass spectrometry (LC-MS/MS) [3, 35] and Orbitrap Velos Pro mass spectrometer [36] . LC-MS/MS offers many advantages in the analysis of these types of compounds, due to its speed, sensitivity, specificity and ability to couple with high performance chromatographic techniques [37] . There are only a few reports available for the identification and characterization of MIAs by LC-MS/MS in plant extracts [35, 36, [38] [39] [40] [41] [42] . However, there is no report on the comparative and comprehensive phytochemical investigation of the roots of Rauwolfia species. Therefore, we have developed a simple and specific highperformance liquid chromatography coupled with electrospray ionization quadrupole time-of-flight tandem mass spectrometry (HPLC-ESI-QTOF-MS/MS) method to establish fragmentation pathways for the identification and characterization of bioactive compounds from ethanolic extract of the root of Rauwolfia species.
Experimental

Chemicals and materials
LC-MS grade solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure water was produced by Milli-Q Advantage system (Millipore, USA). AR grade ethanol, purchased from Merck Millipore (Darmstadt, Germany), was used in the preparation of ethanolic extracts. Reserpine, ajmalicine, ajmaline and serpentine were purchased from Sigma-Aldrich (St. Louis, MO, USA) and yohimbine was purchased from Chem. Faces (Wuhan, Hubei, China).
Plant materials
The roots of R. hookeri, R. micrantha, R. serpentina, R. tetraphylla, R. verticillata and R. vomitoria were collected from the plants growing under similar conditions in Jawaharlal Nehru Tropical Botanic Garden and Research Institute (JNTBGRI) campus, Kerala, India. The plant materials were collected in September 2012 and the voucher specimens (R. hookeri-66449, R. micrantha-66450, R. serpentina-66451, R. tetraphylla-66452, R. verticillata-66453 and R. vomitoria-66454) were deposited in the Herbarium of JNTBGRI. The roots were powdered, packed in airtight containers and stored at 20°C until analysis.
Extraction
The powdered roots (50 g each) were extracted with 250 mL of ethanol. The extractions were performed by initial sonication for 30 min at 30°C, followed by being kept at room temperature for 24 h. The extracts were filtered through filter paper (Whatman no. 1) and the residues were re-extracted using the same method four times with fresh solvent at room temperature for 24 h. The combined filtrates were evaporated to dryness under reduced pressure at 20-50 kPa at 40°C using a Buchi rotary evaporator. 1 mg/mL stock solutions of each species of the dried plant extracts were prepared in methanol and filtered through a 0.22µm polyvinylidene fluoride (PVDF) membrane into the HPLC auto sampler vial prior to LC-MS analysis.
HPLC-ESI-QTOF-MS/MS conditions
Analyses were carried out using an Agilent 1200 HPLC system interfaced with Agilent 6520 hybrid quadrupole time-of-flight mass spectrometer (Agilent Technologies, USA). The 1200 HPLC system was equipped with a quaternary pump (G1311A), online vacuum degasser (G1322A), autosampler (G1329A), thermostatted column compartment (G1316C) and diode-array detector (G1315D).
Chromatographic conditions
Chromatographic separations were performed using a Thermo BetaSil C 8 column (250 mm×4.5 mm, 5μm) operated at 25°C employing a gradient elution using 0.1% formic acid in water (A) and acetonitrile (B) as mobile phase at a flow rate of 0.6 mL/min. The elusion consisted of a linear gradient from 25% to 27%; 0-15 min, 27%-37%; 15-18 min, 37%-42%; 18-20 min, 42%-45%; 20-22 min, 45%-48%; 22-25 min, 48-60%; 25-30 min, then returned to the initial conditions after 5 min. The sample injection volume was 1 μL.
Mass spectrometric condition
The mass spectrometer was operated in positive electrospray ionization mode and spectra were recorded by scanning the mass range m/z 50-1500 in both MS and MS/MS modes. Nitrogen was used as drying, nebulising and collision gas. The drying gas flow rate was 12 L/min. The heated capillary temperature was set to 350°C and nebulizer pressure at 45 psi. The source parameters capillary voltage (VCap), fragmentor, skimmer and octapole voltages were set to 3500 V, 175 V, 65 V and 750 V, respectively. For the MS/MS analysis, collision energy was set at 30 eV and 35 eV, respectively, for reserpine and ajmalicine classes of compounds whereas 40 eV for ajmaline class of compounds. The accurate mass data of the molecular ions were processed through the Mass Hunter Workstation (version B 04.00) software (Agilent Technology, USA).
Statistical analysis
HPLC-ESI-QTOF-MS data obtained from three repeats of all the samples were subjected to statistical analysis. Principal component analysis (PCA) was performed on statistical software STATISTICA Version 7.0 (StatSoft, Inc., USA).
Results and discussion
Analysis of standards (templates)
Major bioactive MIAs such as ajmalicine (4), ajmaline (19) serpentine (32), yohimbine (28) and reserpine (44) 
Metabolic profiling using LC-MS
All the six Rauwolfia species were cultivated in similar environmental conditions to study phytochemical variations. Ethanolic extract of root was analyzed using gradient mobile phase consisting of acetonitrile and 0.1% aqueous formic acid. Parameters such as column type, column temperature, mobile phase, elution conditions, flow rate and MS conditions were optimized. Base peak chromatograms (BPCs) of ethanolic extracts of R. hookeri, R. micrantha, R. serpentina, R. tetraphylla, R. verticillata and R. vomitoria in positive-ion mode are shown in Fig. 2 . Retention time (RT), observed [M+H] + , molecular formula, error (Δppm), major fragment ions and their relative abundance and distribution along with assignment are presented in Table 1 . All these compounds were identified based on their exact mass, molecular formula, and fragmentation pattern. A total of 47 known/ unknown MIAs were tentatively identified and characterized. The 
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proposed structures of the unknown compounds are shown in Fig. 3 . Yohimbine, reserpine, ajmalicine, ajmaline and serpentine were unambiguously identified and characterized by comparison with their authentic standards.
Reserpine class of compounds
Seventeen compounds were tentatively identified and characterized on the basis of their fragmentation pathways of yohimbine and reserpine. Compounds 28 and 44 were identified and characterized as yohimbine and reserpine, respectively, by comparison with their authentic standards. Fragmentation pathways of reserpine class of compounds are shown in Scheme 1. Compounds 1 and 16 were tentatively identified as yohimbine acid and reserpic acid, respectively, which showed characteristic fragment ions at m/z 323.1754 and 383.1965 respectively, due to the losses of H 2 O whereas fragment ion at m/z 369.1809 was observed due to loss of CH 3 OH in compound 16. Compounds 1 (RT 3.4 min) and 11 (RT 6.9 min) gave the same fragment ions with different relative abundances in their MS/MS spectra. Both compounds 1 and 11 were tentatively identified as an isomeric pair. Compounds provided the characteristic fragment ions (Fig. 3) .
Ajmalicine class of compounds
Six compounds 4, 6, 24, 31, 33 and 35 were identified and characterized as ajmalicine, methyl-14-hydroxy-19-methyl-16,17-didehydro-18-oxayohimban-16 carboxylate, reserpiline, reserpiline (isomer), 10-demethoxyreserpiline and darcyribeirine, respectively (Scheme 2). Compound 4 was identified and characterized by comparison with the authentic standard of ajmalicine. Compounds 6, 24, 33 and 35 showed fragment ions at m/z 337.1558, 323.1560, 351.1677 and 379.1652 due to loss of CH 3 OH, respectively. Fragment ions at m/ z 158.0963 (compound 6), 218.1174 (compounds 24 and 35) and 188.1053 (compound 33) were observed due to loss of terpene moiety via RDA cleavage followed by bond cleavage between C14 and C15. Similarly, the fragment ions at m/z 144.0808 (compound 6), 174.0895 (143 Da+OCH 3 ) (compound 33) and 204.1005 (142 Da +2OCH 3 ) (compounds 24 and 35) were observed as base peak due to loss of terpene moiety via RDA followed by bond cleavage between C3 and C14. Compounds 24 and 31 may be isomeric pair, showing similar fragment at retention time 10.52 min and 14.81 min with different relative abundances of fragment ions. RDA fragment ion at m/z 222.1124 was observed in all compounds due to loss of indole moiety via RDA cleavage followed by bond cleavage between C2 and C3.
Ajmaline class of compounds
Twelve ajmaline class of compounds 2, 
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Identification of markers using PCA
PCA converts a large number of data sets to a smaller number of variables. It produces overall discrimination between the closely related samples for quality control and authentication [43] [44] [45] . LC-MS data in combination with a data reduction technique such as PCA serves as an efficient and powerful tool to identify the chemical markers [34, 43, 44] . The LC-MS chemical fingerprints of R. hookeri, R. micrantha, R. serpentina, R. tetraphylla, R. verticillata, and R. vomitoria roots were analyzed by PCA to identify the chemical markers for discrimination amongst these species.
A total of 66 peaks from mass range m/z 179.0708 to 635.2984, peak area ≥1000, were taken from the HPLC-ESI-QTOF-MS fingerprints (n=3) of roots and PCA was run. The PC1 and PC2 together were able to explain 57.96% of variance information. To obtain the best expression, peaks with lowest contribution were dropped and only twelve peaks at m/z 323. (Fig. 5 ). Peak at m/z 343.2005 (46.55%) showed a higher contribution followed by m/z 327.2104 (33.47%) and 327.2067 (12.28%), respectively. Similar report with contribution of peak area has already been reported in chromatographic fingerprinting and quantitative analysis of Xinkeshu tablet [46] . The PCA plots afforded useful qualitative information of six Rauwolfia species roots and revealed similarities and dissimilarity among them shown in Fig. 5A . It showed that R. serpentina. R. micrantha and R. verticillata were close whereas R. hookeri, R. tetraphylla, R. vomitoria were much apart from each other. R. serpentina is commonly used in herbal formulations and endangered due to over-exploitation [47] . This study showed that R. micrantha and R. verticillata might be used as substitutes for R. serpentina in herbal formulations. Hence, this analysis will also help to use alternate plant on the basis of phytochemical investigation which may conserve the R. serpentina.
Conclusions
A simple, sensitive, reproducible HPLC-ESI-QTOF-MS/MS method was developed in positive ion mode for the dereplication of MIAs. The diagnostic fragmentation pathways were established with the help of MS/MS spectra or diagnostic fragment ions of standard compounds. Reserpine, ajmalicine, ajmaline and yohimbine classes of MIAs showed two types of fragment ions, namely due to loss of substituents which were attached with the terpene moiety and RDA fragment ions. The established diagnostic fragmentation pathways were applied for identification and characterization of MIAs. 47 compounds were tentatively identified and characterized in ethanolic extract of roots of R. hookeri, R. micrantha, R. serpentina, R. tetraphylla, R. verticillata and R. acid methyl ester (27) and seredine (29) were successfully distinguished by MS/MS analysis. The marker peaks were successfully identified by PCA, which can discriminate the R. hookeri, R. micrantha, R. serpentina, R. tetraphylla, R. verticillata and R. vomitoria for quality control and authentication. Present information showed utility of accurate mass measurements which will also speed up dereplication of MIAs.
